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The roles of edaphic factors and competition in explaining species distribution of Pteronia (family Asteraceae) 
dominated plant communities, were investigated. Soil characteristics, species plant covers and competitive 
interactions were determined at three sites (one on a colluvial plain and two on tillite slopes) on the farm 
Tierberg in the semi-arid Karoo, South Africa. These sites represented areas where Pteronia species replace 
each other in apparently distinct habitats. Direct (Canonical Correspondence Analysis, CCA) and indirect 
(Detrended Correspondence Analysis, DCA) gradient analyses gave similar eigen values, indicating that 
edaphic variables accounted for much of the variation in species data. The first axis of the CCA-biplot 
separated species on the colluvial plain from those on tillite slopes along a soil texture gradient. The separa-
tion of species in the second CCA axis indicated that soil phosphorous, pH, magnesium and calcium levels 
were also important in determining species distribution patterns. Together, these axes accounted for 50.1 % 
of the variation in the species data. Nearest-neighbour analyses indicated that there were strong inter- and 
intraspecific competitive interactions at Pteronia community boundaries. If edaphic specialization alone was 
responsible for Pteronia distribution patterns, one would expect there to be reduced competition at the 
boundaries of species overlap. It is concluded that Pteronia species distribution patterns in the Karoo result 
from the combined effects of soil physico-chemical factors and competition. 
Die rol van grondfaktore in die verklaar van verspreidingsvariasie in Pteronia (familie Asteraceae) en geasso-
sieerde spesies te Tierberg in die halfdroe Karoo, Suid-Afrika, is ondersoek. Grondeienskappe en plantbe-
dekkings is opgeteken vir drie areas (een op 'n kolluviale vlakte en twee op tilliet hellings), verteenwoordi-
gend van waar Pteronia spesies mekaar vervang oor skynbaar afgebakende habitatte. Die direkte 
ordinasietegniek, CCA (Canonical Correspondence Analysis) en die indirekte ordinasietegniek, DCA (Detren-
ded Correspondence Analysis) is gebruik om die hipotese dat patrone in Pteronia (voorkoms/getalle) verband 
hou met edafiese gradiente, te toets. Die 'eigen' waardes vir die CCA en DCA was soortgelyk, wat aantoon 
dat die gemete grondveranderlikes heelwat van die varias ie in spesies data verklaar. Die eerste twee asse 
van die CCA 'bi-plot' het 50.1 % van die totale variasie in spesies data verklaar. Die eerste as skei die vlakte-
omgewing van tilliet hellings. Die tweede as dui op meer subtiele verskille tussen Pteronia spp. assosiasies. 
Dit dui op die belangrikheid van fosfor, pH, magnesium en kalsium in die bepaling van spesiesverspreiding. 
Naaste plant-analise het gedui op sterk medeningerde interaksies op die grens tussen Pteronia spp. en binne 
Pteronia spp. Die verklaring vir patrone in spesiesverspreidings in die Karoo Ie waarskynlik in 'n wissel-
werking tussen grondfaktore en kompetisie. Dit kan slags opgelos word deur veldoorplantings te doen en 
deur 'n studie van kompetisie in die laboratorium. 
Keywords: Canonical Correspondence Analysis, competition, Detrended Correspondence Analysis, 
species-environment relationship, Succulent Karoo, nearest-neighbour analysis. 
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Introduction 
For semi-arid regions, the Succulent Karoo biome of 
southern Africa (Rutherford & Westfall 1986) is unusually 
rich in plant species both at a local and a regional level 
(Cowling et al. 1989). Many of these species belong to a 
few prominent families, notably Aizoaceae, Crassulaceae 
and Asteraceae. Even within these families, a few large 
genera contribute notably to species diversity. Sixty out of a 
total of seventy-five species in the genus Pteronia (Aster-
aceae) occur in the semi-arid regions of southern Africa (c. 
Hilton-Taylor, unpub. data). High species turnover along 
environmental gradients (beta diversity) is recorded for 
Succulent Karoo communities (Cowling et al. 1989; Jurgens 
1986). Turnover is often abrupt resulting in narrow bounda-
ries between communities (Lloyd 1989a; 1989b; Smitheman 
& Perry 1990; Yeaton & Esler 1990). 
Only recently have attempts been made to understand the 
role played by biotic and abiotic factors in determining 
karoo community structure and composition (Yeaton & 
Esler 1990). The slow rate of population change in these 
systems, and the difficulties involved in doing field manipu-
lations makes field experiments difficult. As an alternative, 
pattern analysis can provide inferred descriptions of the 
dynamics of these systems. These techniques are extremely 
valuable since they allow the formulation of a variety of 
hypotheses on species interactions and more generally, on 
the underlying causes of species coexistence and diversity 
(Cody 1986a; 1986b; Fonteyn & Mahall 1981, Yeaton & 
Esler 1990). 
In the Prince Albert region of the Succulent Karoo, there 
are many cases of Pteronia species replacing each other 
over apparent edaphic discontinuities. We investigated the 
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role of soil properties and competition in explaining the 
variation in species distributions. 
The following questions were addressed: 
1. What is the relationship between soil factors and commu-
nity composition in the southern Succulent Karoo? 
There are many studies in arid and semi-arid regions which 
have found strong vegetation-soil relationships at a variety 
of levels (e.g. Key et al. 1984; Olsvig-Whittaker 1988; 
Olsvig-Whittaker et al. 1983; Stein & Ludwig 1979; Wier-
enga et al. 1987). In southern African semi-arid systems, 
soils have been shown to playa role in determining transi-
tions between vegetation types (palmer et al. 1988; Palmer 
1991a; 1991b) as well as between different plant communi-
ties or assemblages (Lloyd 1989a; 1989b; Snijman & Perry 
1987; Smitheman & Perry 1990). Most of the latter studies 
have been phytosociological in nature, dealing with a large 
number of communities and species. These have made 
qualitative assessments of soil-vegetation relationships. 
More quantitative studies are needed. Midgely & Musil 
(1990) provide quantitative data of soils on and off 'heuwel-
tjies' (or mirna-like mounds, Lovegrove & Siegfried 1986) 
and the associated species changes. In this case, edaphic 
specialization was clearly demonstrated. 
2. What evidence is there for biotic interactions across spe-
cies boundaries? 
The importance of competition as a force structuring karoo 
plant communities has recently been addressed by Yeaton & 
Esler (1990). They studied the patterns of abundance and 
distribution among and within karoo plant species at Tier-
berg in the Succulent Karoo. They suggested that biotic 
interactions strongly influence the structure of karoo plant 
communities. These views contrast with the idea that habitat 
specialization is a mechanism which structures plant com-
munities. If community boundaries are determined mainly 
by competition, one would predict strong competitive 
interactions at the species interfaces. Alternatively, if 
patterns were the result of cdaphic specialization, one would 
expect competitive interactions to be weaker at the species 
interfaces (since each species would be physiologically 
adapted to exploit resources differentially, thus minimizing 
niche overlap). In this case, intra-specific competition 
should be stronger than inter-specific competition. 
Methods 
Study area and site location 
Field work was conducted on the farm Tierberg, situated 
about 25 km east of Prince Albert, on the southern edge of 
the Great Karoo, Cape Province, South Africa (33°9'S, 
22°16'E). The area receives about 170 mm of rain per year, 
falling mostly in autumn (February - May) and spring 
(August - November). Temperatures range from _5°C (win-
ter minimum) to 43°C (summer maximum), with a mean 
annual temperature of 17SC (Milton et al. 1992). The 
vegetation has a high proportion of succulent species and a 
low abundance of grasses, and resembles Acocks' (1975) 
Little Karoo form of Karroid Broken Veld (Milton el al. 
1992). 
Three sites were chosen within the study area. These all 
represented areas where Pteronia spp. replace one another 
(termed Pteronia replacement series) over apparently dis-
tinct habitats. The first study site, termed the F (flats) site, 
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was situated within the relatively flat, lOO-ha Tierberg 
Karoo Research Centre (800 m altitude). The soils of this 
site are generally weakly structured and very deep (>2m) 
sandy loams of colluvial origin (Milton et al. 1992). Two 
Pteronia spp. occur in the flats site: P. pallens L.f. grows in 
lower-lying regions and at the edges of drainage lines and 
washes, while P. cf. empetriJolia DC. is confined mainly to 
slightly higher-lying areas (Milton et al. 1992). Rare species 
co-occurrences are mostly at the boundaries between these 
two habitats. 
The second and third study sites were situated on a small 
ridge called Tierberg (altitude 840 m), located to the north 
at a distance of 3 km from the F site. These two sites (I km 
apart) occur on soils derived from the Dwyka tillite forma-
tion (Visser 1986) and were termed Tl (tillite 1) and T2 
(tillite 2), respectively. P. pallens was a dominant species at 
the bottom of the Tl slope, while P. viscosa Thunb. occur-
red further up-slope. The two species co-existed over a 
narrow (10 m) boundary. In contrast, P. pallens occurred at 
the top of the T2 slope on soils derived from the Whitehill 
Formation, a bed of white weathering carbonaceous shale 
with chert (Visser 1986). Further down the slope, P. viscosa 
was dominant, once again on soils derived from tillite. 
Sampling procedures 
Vegetation 
Transects, 100 m long, were located at each site. They were 
orientated to avoid 'heuweltjies', which are known to be 
edaphically distinct from surrounding vegetation (Midgely 
& Musil 1990), and were positioned across a Pteronia 
replacement series. Three,S X 5-m quadrats were located in 
the middle and at the two ends of each transect. Quadrat 
positions represented areas where Pteronia species were 
dominant (or co-dominant) and interface regions where 
Pteronia species distributions overlapped. Within each 
quadrat, individual plants (of all species) were identified and 
counted. Their canopy diameters along two axes (L and W), 
at right angles to each other, were measured. Plant species 
covers were calculated according to the formula: 'TTLW/4. 
We used nearest-neighbour analysis (Pielou 1960; 1962) 
to determine if intra-specific and inter-specific interactions 
were occurring between Pteronia species. At each site 
Pteronia individuals were randomly chosen along I-m wide, 
line transects. The transects were positioned to avoid drain-
age lines and 'heuweltjies'. Measurements of the canopy 
diameters of Pteronia individuals and their nearest-neigh-
bour Pteronia spp. were determined. The distances between 
shrub centres were measured, and the identities of the two 
individuals were recorded. One hundred measurements were 
taken for each intra- and inter-specific nearest-neighbour 
pair. 
Soils 
In each quadrat, three soil samples were taken to a depth of 
10 cm from open areas between shrubs following the re-
moval of surface litter. Open areas between shrubs were 
chosen as plants are known to affect physical and chemical 
soil properties through the alteration of infiltration and run-
off (Rostagno et al. 1991). Soil samples from each quadrat 
were bulked, dried at 60°C to a constant mass, and sieved 
through a 2-mm mesh. 
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Estimates of the percentage soil surface area covered by 
rocks were made from measurements of rock diameters 
along randomly-placed I-m rules (five per quadrat). The 
length of the rule covered by rocks was translated into per 
cent rock cover. Soil water infiltration rates were measured 
according to the method of Dean (1992). In each quadrat, 
three open-ended cylinders (diameter 7 cm) were placed 
into the soil to a depth of c. 1 cm in open areas between 
shrubs. Care was taken not to disturb the soil surface. The 
time taken for 100 ml of water to penetrate the soil was 
recorded for each cylinder. Soil depth was recorded in open 
areas by hammering a thin metal stake into the soil until 
bed-rock was reached. For the Tl and T2 sites, this method 
was relatively accurate since the soil profiles were shallow. 
For the flats site however, this method was unsatisfactory, 
since the soils, of colluvial origin, were much deeper 
(>2m). 
Data and statistical analyses 
Seventeen physical and chemical soil properties of the A-
horizon (on average the top to-cm layer of ' soil) were 
analysed: pH (in 1M KCI), resistance, leachable phosphorus, 
potassium, sodium, calcium, magnesium, copper, zinc, 
manganese, boron (/-Lg g-l ), % total nitrogen and % silt, 
clay, medium, coarse and fine sand. Soil analyses were 
conducted by the Department of Agriculture, Winter Rain-
fall Region, Eisenberg. 
Single factor ANOV As were used to test for significant 
differences in measured soil physico-chemical properties, 
nearest-neighbour distances and Pteronia canopy areas 
along the Pteronia replacement series on tillite slopes and 
on the flats. Significantly different means were separated 
using Tukey multiple range tests (Zar 1984). 
Species cover data and soil data were ordinated using 
both indirect (Detrended Correspondence Analysis) and di-
rect (Canonical Correspondence Analysis) gradient analysis 
techniques (Ter Braak 1986; 1987a; 1987b; 1987c). In 
Detrended Correspondence Analysis (DCA) (Hill & Gauch 
1980), axes are 'extracted' from the species data alone. 
Environmental gradient interpretations then follow. These 
are obtained using correlations of soil factors on the site 
scores of the DCA axes. In Canonical Correspondence 
Analysis (CCA), axes are selected as linear combinations of 
known environmental variables (Ter Braak 1986; 1987a; 
1987b). Species are plotted on the axes according to their 
optimal abundances and sites are plotted as weighted aver-
ages of their component species. CCA is designed to detect 
patterns of variation in species data that are best explained 
by the measured environmental variables. The end product 
is an ordination diagram that expresses not only variation in 
species distributions, but also the mam relationships 
between environmental variables and species. For both tech-
niques, eigenvalues indicate the importance of an axis, and 
species-environment correlation coefficients indicate the 
correlation between site scores which are linear combina-
tions of environmental variables (Ter Braak 1986). Inter-set 
correlations are the coefficients of correlations between 
environmental variables and species axes based on the site 
scores (Ter Braak 1987a). A useful approach is to use DCA 
and CCA together to see how much of the variation in the 
species data is accounted for by the environmental data (Ter 
Braak 1986). Where the solutions for these analyses do not 
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Table 1 Cover (m2/m2) of dominant species from three 
transects (ti llite 1, ti ll ite 2 and flats) along the Pteronia 
replacement series at Tierberg in the Karoo 
Total 
Site spp. Dominant species 
Tillite 1 
Pv2 32 Chrysocoma ciliata 
Ruschia spinosa 
Eriocephalus ericoides 
Pteronia viscosa 
Rhigozum obovatum 
Pv/Pp 27 Pteronia pallens 
Rhigozum obovatum 
Ruschia spinosa 
Pteronia viscosa 
Chrysocoma ciliata 
Pp 20 Pteronia pallens 
Tillite 2 
Rhigozum obovatum 
Ruschia crassa 
Chrysocoma ciliata 
Pentzia incana 
Pv 33 Ruschia spino"" 
Rhigozum obovatum 
Pteronia viscosa 
Pentzia incana 
Lycium shizocaylx 
Pv/Pp 31 Pteronia pallem 
Pteronia viscosu 
Pentzia incana 
Lycium shizocaylx 
Rhigozum obovatum 
Pp 21 Pteronia pallens 
Flats 
Pe 
Pe/Pp 
Sphalmanthus bijliae 
Zygophyllum sp. 
Lycium shizocaylx 
Aridaria noctiflora 
13 Galenia Jruiticosa 
Ruschia spinosa 
Osteospermum o'inuatum 
Pteronia empetrifolia 
Hereroa latipetala 
16 Ruschia spinosa 
Hereroa latipetala 
Pteronia pallens 
Ranked 3 
abundance 
0.068 ± 0.013 (1) 
0.043 ± 0.003 (3) 
0.028 ± 0.000 (4) 
0.028 ± 0.003 (7) 
0.022 ± 0.024 (16) 
0.070 ± 0.008 (3) 
0.046 ± 0.005 (10) 
0.027 ± 0.001 (7) 
0.022 ± 0.017 (8) 
O.ot5 ± 0.006 (2) 
0.132 ± 0.022 (2) 
0.020 ± 0.026 (7) 
0.009 ± 0.009 (5) 
0.006 ± 0.005 (4) 
0.003 ± 0.004 (10) 
0.072 ± 0.050 (3) 
0.069 ± 0.012 (5) 
0.029 ± 0.005 (4) 
0.027 ± 0.005 (2) 
0.016 ± 0.007 (17) 
0.050 ± 0.017 (2) 
0.029 ± 0.009 (4) 
0.018 ± 0.016 (3) 
O.ot5 ± 0.021 (23) 
0.014 ± 0.020 (12) 
0.1 98 ± 0.041 (1) 
0.012 ± 0.003 (2) 
0.008 ± 0.001 (5) 
0.006 ± 0.004 (12) 
0.006 ± 0.006 (6) 
0.073 ± 0.030 
0.073 ± 0.075 
0.031 ± 0.002 
0.021 ± 0.010 
O.ot8 ± O.ot5 
0.067 ± 0.040 
0.050 ± O.ot5 
0.038 ± O.ot5 
(1) 
(2) 
(5) 
(6) 
(4) 
Galenia fruiticosa 0.029 ± 0.020 
Drosanthemum montaguense 0.027 ± 0.030 
Pteronia empetrifolia 0.020 ± 0.002 
(3) 
(1) 
(7) 
(2) 
(5) 
(8) 
Pp 16 Pteronia pallens 
Ruschia spinosa 
Galenia Jruiticosa 
Hereroa latipetala 
Brownanthus ciliatus 
0.096 ± 0.003 
0.091 ± 0.028 
0.019 ± O.ot5 
O.ot 1 ± 0.005 
0.007 ± 0.009 
(2) 
(1) 
(4) 
(3) 
(7) 
I Data are means ± standard deviations from three 5 X 5_m2 quadrats 
sampled at three localities at each site. 
2 Pv = P. viscosa present; Pv/Pp = boundary between Pv and Pp; Pp = 
P. pallens present; Pp/pe = boundary between Pp and Pe; Pe = P. 
empetrifolia present. 
3 Ranked abundance is shown in brackets where 1 = species with the 
highest number of individuals. 
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differ greatly, one can infer that the environmental variables 
measured account for much of the variation in species data 
(Ter Braak 1986). 
On an initial CCA run, high variance inflation factors 
indicated multi-collinearity (Ter Braak 1987a) and prompted 
the removal of the following variables from the analysis : % 
silt, medium and fine sand. No weighting or detrending was 
applied. The 14 variables used in the CCA and DCA analy-
ses are presented in Table 4. A Monte-Carlo permutation 
test was used to test the significance of the eigenvalues of 
the first canonical axis of the CCA ordinations (Ter Braak 
1987a). 
Inter- and intra-specific interactions were analysed using 
the nearest-neighbour analysis technique (pielou 1960; 
1962). The distances between Pteronia individuals were 
S.-Afr.Tydskr.Plantk., 1993,59(3) 
regressed against the sum of their covers for each intra- and 
inter-specific case. A significant positive relationship be-
tween these parameters indicates that a competitive inter-
action may be occurring, since the distance at which two 
individuals establish themselves limits the size to which 
they grow. 
Results 
Species richness and community composItIon along the 
Pteronia replacement series differed on both tillite slopes 
and flats. The tillite slope quadrats dominated by Pteronia 
pal/ens tended to have fewer species than those dominated 
by P. viscosa (Table 1). On the flats site (F) this trend was 
not observed. In general, more species were recorded on the 
tillite sites (Tl and T2) than on the F site (Table 1). In all 
Table 2 Soil physical and chemical data from the Pteronia replacement series 
along three transects (tillite 1, tillite 2 and flats) at Tierberg in the Karoo. Data are 
means ± standard errors from three 5 x 5-m2 quadrats sampled at three localities 
along each transect 
Site P. viscosa Boundary P. pallens Sig l 
Tillite 1 
pH 5.97 ± 0.33' 6.23 ± 0.15·b 6.6 ± O.IOc * 
Resistance 2106.7 ± 393.33 1566.67 ± 218.58 1520.00 ± 248.46 NS 
% total N 5.97 ± 0.03 6.23 ± 0.15 6.6 ± 0.1 NS 
P (/Lg g-I) 64.33 ± 5.49 93.67 ± 13.70 111.67 ± 17.29 NS 
K (/Lg g-I) 126.00 ± 9.02 145.67 ± 24.01 148.67 ± 12.55 NS 
Na (/Lg g-I) 63.67 ± 3.84 67.67 ± 9.39 71 .67 ± 7.88 NS 
Ca (/Lg g-I) 2.55 ± 0.09' 4.17 ± 0.56b 4.92 ± O.l2b ** 
Mg (/Lg g-I) 1.50 ± 0.04' 2.04 ± 0.25b 2.02 ± O.Olb *** 
Cu (/Lg g-I) 0.87 ± 0.06' 1.29 ± 0.06' 0.97 ± 0.02b *** 
Zn (/Lg g-I) 1.17 ± 0.06 1.06 ± 0.03 0.98 ± 0.08 NS 
Mn (/Lg g-I) 79.00 ± 5.58' 148.35 ± 3.83b 110.79 ± 3.57c *** 
B (/Lg g-I) 0.17 ± 0.01 0.32 ± 0.61 0.25 ± 0.02 NS 
% silt 8.00 ± 1.15 11.33 ± 1.33 8.67 ± 0.67 NS 
% clay 6.00 ± 0.00 10.67 ± 1.76 8.00 ± 1.15 NS 
% coarse sand 29.47 ± 3.7 25.85 ± 1.17 27.62:!- 2.24 NS 
% medium sand 19.41 ± 1.65 17.83 ± 1.30 16.37 ± 1.83 NS 
% fine sand 36.91 ± 1.02 34.32 ± 1.61 39.35 ± 1.48 NS 
% rock 33.80 ± 1.32' 33.80 ± 1.64' 16.00 ~ 4.45b * 
Infiltration2 2:00 ± 0:37 3:52 ± 2:03 4:36 ± 1:17 NS 
Soil depth (mm) 80.55 ± 6.% 80.00 ± 15.84 76.66 ± 11.67 NS 
Tillite 2 
pH 6.20 ± 0.35' 7.20 ± 0.30ab 7.90 ± O.06b * 
Resistance 1673.33 ± 221.01 1373.33 ± 40.55 1046.67 ± 224.00 NS 
% total N 6.20 ± 0.35' 7.20 ± 0.30b 7.90 ± O.06b ** 
P (/Lg g-I) 136.33 ± 36.61' 172.00 ± 18.72·b 278.67 ± 18.68b * 
K (/Lg g-I) 177.00 ± 40.00' 229.00 ± 43.47·b 546.00 ± 121.70b * 
Na (/Lg g-I) 70.67 ± 9.02 55.33 ± 2.33 202.00 ± 113.16 NS 
Ca (/Lg g-I) 6.98 ± 2.82 11.73 ± 0.65 19.30 ± 0.86 NS 
Mg (/Lg g-I) 1.57 ± 0.16 2.13 ± 0.45 5.14 ± 1.91 NS 
Cu (/Lg g-I) 1.77 ± 0.31 2.47 ± 0.09 2.72 ± 0.34 NS 
Zn (/Lg g-I) 1.76 ± 0.24' 2.07±0.11· 3.05 ± 0.25b * 
Mn (/Lg g-I) 286.18 ± 103.41 441.11 ± 43.64 259.33 ± 112.06 NS 
B (/Lg g-I) 0.32 ± 0.07 0.40 ± 0.09 0.54 ± 0.13 NS 
% silt 12.00 ± 0.00' 10.00 ± O.OOb 15.33 ± 0.67c *** 
% clay 9.33 ± 1.76 10.00 ± 1.15 14.00 ± 2.00 NS 
% coarse sand 30.34 ± 1.28' 33.92 ± 4.7yb 20.74 ± 1.20b * 
% medium sand 18.53 ± 1.02' 16.11 ± 1.31,b 13.32 ± 0.81 b * 
% fine sand 29.79 ± 2.00 29.98 ± 3.37 36.61 ± 1.47 NS 
% rock 29.80 ± 5.49 28 .73 ± 2.39 33.60 ± 3.29 NS 
Infiltration2 3:16 ± 1:00 6:71 ± 0:53 6:58 ± 1:23 NS 
Soil depth (mm) 63.33 ± 13.02 40.56 ± 0.55 46.33 ± 10.59 NS 
S.Afr.J.Bot.,1993,59(3) 291 
Table 2 Continued 
Site P. empetrifolia Boundary P. pallens Sig. 1 
Flats 
pH 4.83 :t 0.18' 5.20 :t 0.51' 6.73 :t 0.09b * 
Resistance 1173.33 :t 426.67 570.00 :t 65.06 903.33 :t 178.36 NS 
% total N 4.83 :t 0.17 5.20 :t 0.51 6.73 :t 0.09 NS 
P (f.Lg g- l) 47.33 :t 4.67 57.67 :t 2.19 216.67 :t 76.5 NS 
K (f.Lg g- l) 98 .67 :t 2.91' 116.00 :t 18.04' 117.67 :t 6.39b * 
Na (f.Lg g-l) 236.67 :t 63.00 125.00 :t 14.57 110.00 :t 17.06 NS 
Ca (f.Lg g- l) 3.38 :t 0.24' 3.32 :t 0.34' 8.38 :t 1.85b * 
Mg (f.Lg g- l) 2.60 :t 0.29' 2.39 :t 0.29' 4.21 :t 0.37b * 
Cu (f.Lg g- l) 0.82 :t 0.02 0.99:t 0.19 1.22 :t 0.07 NS 
Zn (f.Lg g- I) 0.84 :t 0.07 2.25 :t 1.35 1.40 :t 0.17 NS 
Mn (f.Lg g- l) 74.19 :t 23.91' 135.62 :t 26.D1 'b 188.65 :t 6.12b * 
B (f.Lg g-l) 0.40 :t 0.08 0.35 :t 0.10 0.40 :t 0.12 NS 
% silt 6.00 :t 0.00 12.67 :t 2.91 16.00 :t 3.06 NS 
% clay 24.00 :t 4.00' 10.00 :t 3.06' 8.67 :t 0.67b * 
% coarse sand 41.37 :t 4.66 43.49 :t 1.72 43.29 :t 4.10 NS 
% medium sand 13.19 :t 0.72 14.42 :t 0.68 16.86 :t 1.63 NS 
% fine sand 15.51 :t 1.17 19.42 :t 1.75 15.19 :t 4.03 NS 
% rock 2.47 :t 1.24 3.80:t 0.81 1.73 :t 0.58 NS 
Infiltration2 9:18 :t 1:02 10:03 :t 2:01 7:77 :t 0:76 NS 
Soil depth (mm) > 1000 > 1000 >1000 
lOne-way analysis of variance was conducted on soil variables at each locality within a transect. 
Significant differences between localities (ANOY A) are indicated as follows: * = p < 0.05; ** = p 
< 0.01; *** = p < 0.001. Where a Tukey multiple range analysis (p < 0.05) indicated significant 
differences within sites, the symbols a, b and c are used. 
2 Infiltration is measured in minutes and seconds. 
transects, individuals of P. pal/ens were more frequent and 
had higher cover values than either P. viscosa or P. empetri-
folia individuals. 
An analysis of the soil data alone indicated that only soil 
pH differed significantly across the Pteronia replacement 
series on both tillite slopes and flats (Table 2). Sites domi-
nated by P. pal/ens always had soils with a higher pH 
(Table 2). There was a great deal of variation in the nutrient 
status of the soils sampled, however, increases in soil pH 
were accompanied by substantial increases in soil phospho-
rus, and to a lesser extent, soil nitrogen levels (Table 2). 
Sites dominated by P. pal/ens tended to have higher nutrient 
levels than sites dominated by either P. viscosa or P. 
empetriJolia. In general, soils from the F site were lower in 
nutrients and pH than those on tillite slopes (Table 2). Soil 
depth at the F site was greater than that at the tillite sites. A 
soil pit dug at the F site (in an area dominated by P. pal/ens) 
indicated a soil depth of at least 2 m. Soils at the tillite sites 
were more shallow «100 mm). 
The ordinations by DCA and CCA produced similar 
eigenvalues for the first axes, but for the other three axes, 
eigenvalues of the DCA were substantially lower (Table 3). 
Species-environment correlation coefficients were marginal-
ly higher for the CCA axes (Table 3). This is expected since 
the CCA axes are based on species scores coupled with 
environmental variables. 
The first two axes of the CCA bi-plot on the entire adjust-
ed data set (27 quadrats, 14 variables) accounted for 50.1 % 
of the variance in the species data (Figure I, Table 3). A 
Monte-Carlo permutation test (Ter Braak 1987a) showed 
that the first canonical axis was highly significant (P < 
0.01) indicating that variation in species abundances was 
related to variation in environmental factors . On this axis, 
tillite slopes were separated from the flats site along a strong 
soil texture and chemical gradient. The most important soil 
parameters were % coarse sand, % nitrogen, resistance and 
pH (Figure 1). The different Pteronia associations separated 
out along the second ordination axis and were best correl-
ated with soil phosphorus, pH, calcium and magnesium 
(Figure 1, Table 4). Areas dominated by P. pallens had soils 
with mostly higher elemental concentrations and more alka-
line soils (Figure 1). There was little separation of species 
associations on Tl and T2 tillite slopes which indicated a 
Table 3 Comparison of the results of De-
trended Correspondence Analysis (DCA) and 
Canonical Correspondence Analysis (CCA) of 
the entire data set (81 species in 27 sites); 
(a) eigenvalues and (b) species-environment 
correlation coefficients for the four species 
ordination axes, and (c) percentage of vari-
ance (cumulative) accounted for in the 
species-environment relationships 
Axis 2 3 4 
(a) Eigenvalues 
DCA 0.879 0.245 0.138 0.068 
CCA 0.807 0.583 0.397 0.224 
(b) Species-environment correlation coefficients 
DCA 0.942 0.735 0.880 0.858 
CCA 0.964 0.986 0.890 0.898 
(c) % variance (cumulative) 
DCA 27.6 32.3 0 0 
CCA 29.1 50.1 64.5 72.5 
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Figure 1 Species-soil bi-plot for axis 1 and 2 of a Canonical 
Correspondence Analysis (CCA) . Positions of quadrats for each 
site are shown as follows: (D) = flats; (11) = tillite 1; (0) = 
tillite 2. These represent Jhe weighted average of all species 
present in a particular quadrat. Positions of P. pallens, ... (Pp), P. 
cf. empelrifolia, - (Pe) and P. viscosa, • (Pv) are indicated accor-
ding to their optimal abundances. Arrows indicate gradients of 
individual soil parameters and are abbreviated as follows: N = % 
total nitrogen; Res = resistance; Zn = zinc; Mn = manganese; Cu = 
copper; K = potassium; Ph = pH; Ca = calcium; B = boron; Mg = 
magnesium; Na = sodium; CSand = % coarse sand and Clay = % 
clay. Long arrows represent important environmental variables 
which are more closely correlated with the ordination axes. 
Quadrats are grouped and numbered in the following manner: 1 = 
dominated by P. pal/ens; 2 = boundary between P. pallens and 
P. cf. empetrifolia on flats; 3 = dominated by P. empetrifolia; 4 = 
boundary between P. pallens and P. viscosa on tillite slopes, and 5 
= dominated by P. viscosa. 
similarity in general species composition on both slopes. 
Regression analyses for all intra- and inter-specific 
nearest-neighbour pairs of Pteronia on the tillite slopes 
A) Tillite 1 
S.-Afr.Tydskr.Plantk., 1993,59(3) 
Table 4 Inter-set correlations of environmental 
variables for all four axes of the Canonical Cor-
respondence Analysis' (CCA) of the full data set 
(27 quadrats and 14 soil variables) from the three 
transects (tillite 1, tillite 2 and flats) at Tierberg in 
the Karoo 
Inter-set correlations 
Axis 2 3 4 
pH -4).488 0.687 0.121 0.285 
Resistance -4).536 -4).138 -4).383 -4).234 
Phosphorus 4).132 0.737 0.097 0.269 
Potassium -4)375 0.437 0.402 0.210 
Sodium 0.265 -4).129 0.435 -4).035 
Calcuim -4).307 0.554 0.342 0.408 
Magnesium 0.230 0.529 0.325 0.058 
Copper -4).469 0.316 0.206 0.521 
Zinc -4).085 0.086 0.319 0.220 
Manganese -4).285 0.185 -4).093 0.643 
Boron 0.115 0.114 0.378 0.446 
% clay 0.281 -4).336 0.533 0.168 
% coarse sand 0.808 -4).175 -4).143 0.135 
% nitrogen -4).580 -4).144 -4).439 0.491 
'This CCA is illustrated in Figure 1. 
yielded significant linear relationships (Figure 2). The 
following regressions for intra- and inter-specific interac-
tions on the flats were obtained from Yeaton & Esler 
(1990): P. pallens - P. pallens: Y = 69.0x + 350.9, r2 = 
0.69, P < 0.01; P. empetriJolia - P. empetriJolia: Y = 35.0x 
+ 403.3, r2 = 0.46, P < 0.01; P. pallens - P. empetriJolia: Y 
= 29.0x + 622.1, r2 = 0.27, P < 0.01. On the tillite tran-
sects, mean distances between intra-specific pairs were 
greater than the mean distances between inter-specific 
species pairs (Table 5). Individuals growing at the bounda-
ries between species distributions (i.e. individuals measured 
as inter-specific pairs) tended to be smaller (Table 6). 
Correlation coefficients for the tillite slopes indicated that 
12 2. P. paliens vs P. viscosa 
r~· 51.32 
8 3. P. viscosa vs P. viscosa 
r't· 7.61 
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Figure 2a Regression lines for (1) P. pal/ens - P. pallens, (2) P. pa/lens - P. viscosa and (3) P. viscosa - P. viscosa nearest-neighbour 
pairs from site (a) tillite 1 at the farm Ticrberg in the Karoo. 
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B) Tillite 2 
16 1. P. pallens vs P. pallens 
rZ' 42.94 
8 2. P. pallens vs P. viscosa 
r4' 42.59 
15 3. P. viscosa vs P. viscosa 
rZ' 21.16 
r • 0.66 r • 0.65 r • 0.46 
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Figure 2b Regression lines for (1) P. pal/ens - P. pal/ens, (2) P. pal/ens - P. viscosa and (3) P. viscosa - P. viscosa nearest-neighbour 
pairs from site (b) tillite 2 at the farm Tierberg in the Karoo. 
Table 5 Nearest-neighbour distances for the Pteronia 
pal/ens (Pp) and P. viscosa (Pv) inter- and intra-specific 
pairs from two transects (tillite 1 and tillite 2) at Tierberg in 
the Karoo. Data are means ± standard errors, n = 100 
Species 
pairs Pp/Pp 
Nearest-neighbour distances 
Pv/Pv pp/Pv F-ratio Sig. l 
Tillite 1 88.55 ± 3.26' 86.50 ± 2.98' 66.35 ± 3.73h 13.52 *** 
Tillite 2 80.40 ± 3.04a 81.60 ± 3.02& 58.70 ± 2.71 b 19.37 *** 
lOne-way analysis of variance was conducted on data from three 
localities within each transect (*** = p < 0.001). Similar super-
scripts indicate means that are not significantly different (Tukey 
multiple range analysis; p < 0.05). 
Table 6 Canopy areas (cm2) of Pteronia pal/ens (Pp) 
and Pteronia viscosa (Pv) individuals when interacting as 
inter- (n = 100) and intra-specific (n = 200) pairs. Data 
(means ± standard errors) are from two transects (tillite 1 
and tillite 2) on the farm Tierberg in the Karoo 
Species 
Canopy areas 
pairs pp with pp pp with Pv I-valuel Sig. 
Tillite 1 2837.87 ± 146.20 1967.80 ± 148.47 3.75 *** 
Tillite 2 2798.03 ± 124.23 1497.98 ± 158.04 6.99 *** 
Pv with Pv Pv with pp I-value Sig. 
Tillite 1 1416.34 ± 60.22 1086.05 ± 66.88 3.39 *** 
Tillite 2 1580.40 ± 72.67 950.24 ± 122.92 4.97 *** 
1 1'-tests indicate significant differences (*** = p < 0.001) between 
sizes of plants growing with individuals of the same and different 
species. 
the strongest compeuuve relationships were between P. 
pallens - P. pallens pairs (r for Tl = 0.73, T2 = 0.66) and 
P. pallens - P. viscosa pairs (r for Tl = 0.71, T2 = 0.66) 
and that the weakest relationships were between P. viscosa-
P. viscosa pairs (r for Tl = 0.28, T2 = 0.46). 
Discussion 
Some inferences can be made from the nearest-neighbour 
analyses about the relative importance of edaphic specializa-
tion and competition in structuring karoo plant communities. 
A significant relationship between nearest-neighbour distan-
ces and the sum of nearest-neighbour plant covers indicates 
that a competitive interaction may be occurring, and infers 
that the distance at which the species pairs establish limits 
the size to which they grow. Results indicated that competi-
tive interactions occur both at Pteronia - Pteronia popula-
tion boundaries and within Pteronia populations. Correlation 
coefficients indicated that the strongest competitive relation-
ships on the tillite slopes were between P. pallens - P. 
pallens and P. pal/ens - P. viscosa pairs and that the weak-
est relationships were between P. viscosa - P. viscosa pairs. 
If edaphic specialization alone was responsible for Pteronia 
distribution patterns, one would expect there to be reduced 
competition at the boundaries of species overlap. This was 
not apparent from the data which indicated the existence of 
strong competitive interactions at population boundaries. 
Trends in soil physico-chemical properties over the Ptero-
nia replacement series were also found (Table 2). These 
reflected community composition differences to some extent 
and indicated the existence of subtle edaphic gradients in 
addition to those reported by Midgely & Musil (1990) who 
studied the vegetation-soil relationships associated with 
'heuweItjies' and their surrounding vegetation. 
The generally high correlation coefficients and high 
eigenvalues for the CCA indicated that the environmental 
variables accounted for much of the variation in species data 
(Table 3) (it must be noted that all species were considered 
in the ordinations; i.e. not only the Pteronia spp.). The first 
axis of the CCA separated out the flats site from the tillite 
sites along a soil texture and chemical gradient. The first 
axes of the CCA and DCA had similar eigenvalues, indicat-
ing that these environmental variables accounted for much 
of the variation in the species data along this axis. The 
eigenvalue for the second axis of the DCA was substantially 
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lower than that obtained from the CCA, despite a high 
species-environment correlation coefficient for the second 
CCA axis. This indicated that not all of the variation in the 
species data along this axis was explained by the measured 
edaphic variables. The second CCA axis separated out the 
different Pteronia spp. associations along a pH and nutrient 
gradient. Even though subtle edaphic gradients along these 
Pteronia replacement series did appear to exist, they were 
not sufficient to explain the replacement series. Soil pH was 
the only parameter that differed significantly across all three 
gradients. Soil pH is known to effect the rate of decomposi-
tion of soil organic material and availability of nutrients for 
plant uptake (Brady 1974). In this study, soil Nand P levels 
along the Pteronia replacement series increased with in-
creasing soil pH (Table 2). This increase in soil Nand P 
fertility could partly explain the variation in Pteronia 
distributions. 
Differences in site productivity could be inferred from the 
slopes of the nearest-neighbour regressions (R.I. Yeaton, 
pers. comm., Department of Botany, University of Natal, 
Pietermaritzburg). Regression slopes for P. pal/ens - P. 
pal/ens nearest-neighbour pairs lay above the slopes of P. 
viscosa - P. viscosa pairs. This indicates that, for plants of a 
given size, two P. pal/ens individuals occurred on average 
closer than two P. viscosa individuals. The fact that P. 
pal/ens occurs on more fertile sites with possibly higher soil 
moisture would explain why individuals of this species are 
able to grow closer together (Figure 2) and are generally 
larger (Table 6). Regression slopes for the inter-specific 
pairs lay below the intra-specific nearest-neighbour regres-
sion lines at both tillite sites. This indicates that inter-
specific pairs of a given size grew closer together than intra-
specific pairs. 
Soil surface properties which affect soil water availability 
can also determine the spatial pattern of vegetation 
(Kadmon et al. 1989; Olsvig-Whittaker et al. 1983). In this 
study, P. pallens was more abundant in lower-lying areas 
associated with drainage lines and around 'heuweltjies' 
(Milton et al. 1992). It is possible that water availability 
may also determine Pteronia spp. distributions. 
Conclusion 
Although strong vegetation-soil relationships and inter- and 
intra-specific competitive interactions exist along Pteronia 
replacement series, the importance of biotic interactions in 
determining species distributions requires further investiga-
tion through laboratory-type competition studies and field 
transplant studies. The question still remains: do biotic 
interactions drive vegetation dynamics as suggested by 
Yeaton & Esler (1990), or does the abiotic environment 
have a greater influence? The answer to species distribution 
patterns in the Karoo probably lies in an interaction between 
soil factors and competition. 
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